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Acoustic interference effects in thin film for spin-wave resonance and uniform precession cases 9 6 Superimposed phonon power peaks and SPWR absorption line 13 7 Phonon echoes at dc fields for peak in first echo for 83-17 permalloy, 4500 A thick on AC-cut quartz The two principle methods of generating phonons at microwave frequencies rely upon the piezoelectric and magnetostrictive effects. Piezoelectric generation in quartz has been extensively studied and is presently quite well understood. 1-3 Only recently has magnetostrictive generation been utilized in phonon interaction experiments. 4 The method depends on the magnetostriction of a thin magnetic film which on resonance can emit phonons into an oriented rod. Ibmmel and Dransfeld5 first demonstrated the feasibility of generating phonons in this way in a 1 kMcps experiment with a nickel film on quartz. Later Pomerantz 6 generated phonons at 10 kMcps on SPWR in thin permalloy films. However, a detailed study of the actual generation process in the thin film has not yet been reported, although the probable generation model has been indicated by Bbmmel and Dransfeld. 5 Calculations and experimental data which provide further insight into the method of phonon generation in the thin film are presented, also included is factual information which should be of aid to those considering the use of thin films for phonon interaction studies or device applications.
METHOD OF DETECTION
The phonon detection system is shown in Figure 1 . Pulsed microwave power from a 2J51 X-band magnetron is coupled into a rectangular TE 101 cavity. A thin magnetic film -single crystal rod system -is held in the cavity with a nylon screw and pressed against the cavity wall. On FMR or SPWR, phonons are generated in the film, enter the rod, are reflected from the far end of the rod, and return to reexcite FMR or SPWR in the film. The re-excited resonance creates a microwave pulse of the same width as the initial pulse in the cavity. This echo pulse radiates out of the cavity and is directed into the mixer by means of the circulator. There it is mixed with a STALO signal, amplified and displayed on the oscilloscope. An array of echoes is observed on the scope face since only a small portion of the phonon power in the rod is coupled out by the film on each reflection. The gradual decrease in echo amplitude is due to phonon attenuation in the rod and to other effects involving phonon propagation in the rod. In addition, a microwave calibration pulse of the same width as the magnetron pulse and of known power level is directed into the mixer. In this way, absolute echo heights can be measured. The minimum detectable echo power is approximately 10-14 watts or -110 dbm. When quartz is used as the single-crystal rod, this system and the rectangular cavity make possible the ,simultaneous observation of phonon echoes generated piezoelectrically and magnetostrictively.
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THEORY OF GENERATION
The generation of phonons by the film occurs because of magnetostriction. A stress ellipsoid precesses with the magnetization about the dc magnetic field. Variations with distance in the medium of the amplitude of this precessing stress provide sources of microwave phonons. The first step in the determination of the generated phonon power is to obtain the equations of motion for the displacement components. These contain driving terms proportional to the first derivative of the magnetostrictive stress and hence, to b dm/dy whore b is a magnetoelastic constant y the direction normal to the film, and in the microwave magnetization. The wave equations are solved by a Green's function method similar to that used by Jacobsen, for the piezoelectric case. Then the phonon-power flow out of the film under acoustical match conditions can be noted immediately.
The equations of motion for small amplitudes are obtained from the following expression for the magnetoelastic energy density of a cubic crystal; In the area of spin wave-phonon crossover (equal k and w) the full set of coupled magnetoelastic equations must be solved in order to find the displacement components However, except for a small magnetic field region of the SPWR spectrum, crossover does not appear to be important for this type of thin magnetic film-phonon generation.
This is evident in the case of the uniform precession where the k • 0 spin wave is excited. In a SPWR experiment, the field at crossover is (5) is the sum function for the direct wave and the wave reflected from y'=0 (see Figure 3 ). Thus since G(y) e eikpy (6)
Hence, ib 2 cosa dm e-ikp y ffi 4 M coskpy dy e 
A delta-function driving term exists at each film surface. Thus the u-component in the uniform precession case becomes
When the dc magnetic field is parallel to the film plane (a =90%), 
When the dc magnetic field is perpendicular to the film plane(a =0°, a similar calculation yields:
Here m 0 is the amplitude of the circular rotating microwave magnetization. A circular polarized phonon is generated. A formula similar to Eq. (13), except for the (1-cosk pd)2 factor, has been given by Bdmmel and Dransfeld. 5 The expression for the phonon-power flow for the case of SPWR (also the a =00 
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In the SPWR case the regions of + and -contribution to the net phonon power are respectively unshaded and shaded in the figure. In the direction of decreasing H, the + regions grow at the expense of the -regions. The net phonon power would then decrease in this direction if the SPWR peak were not present at H H 3 .. Since the SPWR peak contributes a resonance denominator to the phonon power-flow expression, the phonon power peak is shifted to a field larger than H 3 . In the uniform precession case in Figure 5 all the phonon power is seen to emerge from the y = 0 surface. Destructive interference occurs for waves originating at the y = d surface; the wave reflected from y = 0 must travel 3 Ap further than the direct wave from y = d. For films an odd number of 1 phonon wavelengths thick, the maximum phonon power is generated. However, for an even number of I phonon wavelengths, destructive interference completely cancels the phonon generation.
For a comparison of theory with experiment an expression must be obtained for the ratio of echo power out of the rectangular cavity to input power. Since Qu = Wh2 Vcav/8w Pin and mI =Ixh where X is the susceptibility, we have for the uniform precession case, using Eq. (12) or (13),
This assumes that the film is situated in the maximum h-field region. If the substrate rod is also within the cavity volume, the fields are greatly perturbed; but Eq.
(16) may still be used for order for magnitude estimates. In the case of SPWR, lXI (1-cosk pd) is replaced by II I/h.
The output-input power ratio below the nonlinear resonance region for the film may be found by squaring Eq. (16). This assumes that the conversion efficiency from acoustic to magnetic energy is the same as that from magnetic to acoustic and that there is negligible loss to the substrate rod in the first round trip of the phonon echo. At critical coupling to the cavity, the power ratio is thus:
where Kmm is the magneto-mechanical coupling coefficient and is given by:
Thus the output-input power ratio for a given film is a constant independent of input power up to the instability threshold. Above the threshold, the susceptibility begins to decrease. The power ratio decreases only as the square of the susceptibility, however,, and not as the fourth power. This is caused by the return echo pulse arriving at the film when the exciting pulse is off. Since the echo power is much smaller than the driving power, FMR or SPWR is re-excited in the low power region where X is a constant. Thus for incident powers in the high power region,
in XX (VcavJ where X is the low power susceptibility and x is the high power susceptibility. Since 2 x = mo/h where m is a constant at high powers and since Pin h P is a constant above the instability threshold. Therefore, the echo amplitudes saturate at high power levels and the output-input power ratio decreases.
It is now possible to make a theoretical comparison of the phonon generation efficiencies in the magnetostrictive and piezoelectric cases. In the latter case, This assumes that the film is situated in the maximum h-field region. If the substrate rod is also within the cavity volume, the fields are greatly perturbed; but Eq.
(16) may still be used for order for magnitude estimates. In the case of SPWR, li0 (1-coskpd) is replaced by III/h.
Pin =Kmm (wVcav (7 where Kmm is the magneto-mechanical coupling coefficient and is given by: 4Krb2 2Ix( (-coskpd).
(18) K 21=(8 'mm c 44 M2
Thus the output-input power ratio for a given film is a constant independent of input power up to the instability threshold. Above the threshold, the susceptibility begins to decrease. The power ratio decreases only as the square of the susceptibility, however, and not as the fourth power. This is, caused by the return echo pulse arriving at the film when the exciting pulse is off. Since the echo power is much smaller than the driving power, FMR or SPWR is re-excited in the low power region where X is a constant. Thus for incident powers in the high power region, The elastic, constant c 4 4 is taken as 1012 dynes/cm2 which is approximately true for both ruby and quartz. The magnetostrictive generation in this case appears to be two orders of magnitude more efficient than the piezoelectric for the same (AvQ/wV) factor. This factor, however, is larger for a quartz rod in a re-entrant cavity than it is for a film-rod system in a rectangular cavity. In the former case, a typical value for Aq/V is 10 cm we have (AvQ/wV) a 3.6X104 . Table 1 gives a comparison of the two cases at 9000 Mcps assuming that the thin film is acoustically matched to the substrate. 
10-6 AH=120 oe
The output-input power ratios are about the same order of magnitude. Filling factor improvements can be made. in the magnetostrictive case, however, by enhancing the microwave magnetic field through improved cavity design. 1 1 Also, the coupling coefficient can be improved by increasing the b 2 / H ratio.
EXPERIMENTAL RESULTS
Phonon echoes have been observed in the X-band frequency region using permalloy The phonon echo power radiated out of the cavity has been measured and echo saturation effects have been observed at the higher input power levels.
A. Perpendicular Case (ac=09)
Separate echo maxima at different dc magnetic fields for a fixed film orientation have been observed only when the film normal is parallel, or nearly parallel, to the dc magnetic field. Each echo peak can usually be identified with a certain SPWR absorption line. However, the peaks do not generally coincide in dc-field with the lines and in some cases, the identification cannot be made on a one-to-one basis. Figure 6 illustrates the latter situation for an 88-12 permalloy film, 4500 A thick, on a c-axis ruby rod at 77°K. There are six echo peaks and only five SPWR lines (including a 'kink' on the high field side of the main resonance). Another interesting feature of the curve is that the echo power falls to 0 between the peaks, whereas the resonance absorption maintains itself at a relatively high level. At 77°K no more than two transverse echoes are ever observed. The attenuation in the ruby is greater than 10 db/cm. At 4K, however, many transverse echoes are observed and the attenuation is less than . 2 db/cm. Now at 4VK the odd-numbered return echoes all peak at approximately the same dc-fields. These fields are essentially the same as shown in Figure 6 for the single (first) echo at 770K. The even-numbered return echoes, however, have their maxima at field values somewhere between those shown in Figure 6 . An alternation in height of successive echoes occurs and is a function of dc magnetic field. If a highly warped phonon-wave shape over the rod cross section were generated on SPWR so that large phase variations over the rod-end faces occurred, the effect could be qualitatively explained. The effect occurs with ACand X-cut quartz substrates as well as with ruby and is observed only under SPWR conditions. Also it is independent, of small angles between the film normal and dc magnetic field, provided SPWR is observed. The more typical case in which each phonon echo peak can be identified with a SPWR line is shown in Figure 7 . The phonon echo peak fields apply to the first return echo, but in this case, the second echo fields are very near the first echo fields. The shifts of from 20 oe to 50 oe shown in the figure could be explained by the interference effect previously described. For the 83-17 permalloy composition the magnetoelastic constant, b, should be close to 0. The observability of phonon echoes for this composition suggests that phonon echo studies may provide a sensitive means for exploring the zero magnetostriction region for permalloy.
The maximum phonon echo power appears to be associated with the p = 7 line in Figure 7 . This line is over 400 oe below the main line and hence, cannot be associated with the crossover region which is -100 oe below the main line. It is characteristic that in the SPWR generation of phonons, the maximum echo power appears between 300 oe and 500 oe below the main line. Also, each SPWR line usually has a phonon peak associated with it and no particularly unique results occur in the region where crossover is expected. The theoretical computations mentioned in the previous section are based on Eqs. (14) and (15) is generated in the perpendicular case (a =0). This figure also illustrates one of the rare instances in which there is an echo peak (in this case for both even-and oddreturn echoes) within 10 oe of the main resonance absorption.
The peak power incident on the cavity for the echoes shown in Figure 8 is only 15 mw and the output-input power ratio is -10 7. This is an order of magnitude less than the 10-6 value given in Table 1 Since the generated phonon is linearly polarized along the dc magnetic field direction, the two orthogonal transverse modes in AC-cut or X-cut quartz can be separately excited. Figure 9 shows separate echo families, in AC-cut quartz for the dc-field along the easy and hard directions of magnetic anisotropy. The film anisotropy axis is apparently related to the quartz crystallographic axes since only the 3. 3X105 cm/sec transverse mode is generated in the easy direction and only the 3. 80X10 5 cm/sec transverse mode is generated in the hard direction. The magnitude of the anisotropy is much larger than is usual for permalloy films of this composition. However, off resonance longitudinal mode echoes have been observed. Figure 10 shows such echoes as well as the transverse mode echo on resonance at 77*K for a 90-10, 4500 Afilm on ruby. These longitudinal echoes may be generated from the subsidiary absorption peak which can occur at high power levels in a FMR experiment. Also it may be noticed that the attenuation of the longitudinal modes echoes is much less than that for the transverse. At 4VK the attenuations are approximately equal. Thus the attenuation of transverse waves in c-axis ruby increases with temperature much faster than that for the longitudinal waves.
C. Intermediate Angles
Longitudinal mode echoes on resonance are observed only at a -angles between 0* and 90°. The echoes are largest for angles between 20° and 45*. If the microwave in-value for a given susceptibility and microwave h-value did not vary with angle, the theoretical maximum for longitudinal mode generation would occur at a=45*. However, the m-value increases as the dc magnetic field for resonance approaches the perpendicular orientation (a =00). Thus the theoretical maximum must occur between 45° and 00; this is in qualitative agreement with experiment. Table 2 
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D. High Powers
A typical phonon echo saturation curve is shown in Figure 11 . The film-substrate system used is the same as for Table 2 and the data were taken for a =70*
The attenuation in db needed to keep the power in the first return echo at a 10i 12 watt level is plotted versus the input power entering the cavity. For input powers up to 33 db a straight-line relation is obtained. This implies a constant P o/Pin value, in this case 5X10" 12 in accordance with theory. Above 38 db input the echo height is constant independent of input power as theoretically predicted for powers above the instability threshold. The imaginary part of the susceptibility versus input power is also shown. The threshold field determined from the echo measurements is in close agreement with that from the susceptibility measurement.p. For a second order nonlinearity, and for AH = AHk = 130 oe and 4irM = 7000 oe, hcr = 18 oe is in reasonable agreement with the h=12 oe experimental value.
Phonon echo saturation has been observed at other angles between H and the film normal and also on SPWR. Echo saturation experiments should provide a new and sensitive means for studying high power effects on FMR or SPWR in thin magnetic films.
CONCLUSIONS
Certain qualitative results of the generation theory presented in Section 3 are exhibited in the experimental data. These results hold mainly in the uniform precession FMR case and are as follows:
(1) Simultaneous generation of two transverse modes in the perpendicular case (a =00) (2) Separate generation of transverse modes in the parallel case (afzi900) (3) Absence of longitudinal mode for a =0° and a=90* (4) Maximum in longitudinal mode for 200 <a < 45°( 5) Constant value of Po/Pin up to the instability threshold (6) Constarit value of P 0 above the threshold. In addition, the quantitative prediction of P /Pin has been checked except for an order of magnitude discrepancy which can be reasonably accounted for. The ratio of echo powers in the parallel and perpendicular cases has also received approximate quantitative verification.
The qualitative and partial quantitative agreement of theory and experiment lends support to the generation model discussed in Section 3. However, in the case of SPWR generation there are several experimental features which remain largely unexplained. These are as follows:
(1) Large 'beating t effect in the phonon echo envelope in certain cases. The effect varies markedly with dc magnetic field.
